We have recently fabricated continuous semiconducting micro and nanowires within the empty spaces of highly ordered microstructured (e.g., photonic crystal or holey) optical fibers (MOF's). These systems contain the highest aspect ratio semiconductor micro-and nanowires yet produced by any method: centimeters long and ~100 nm in diameter. These structures combine the flexible light guiding capabilities of an optical fiber with the electronic and optical functionalities of semiconductors and have many potential applications for in-fiber sensing, including in-fiber detection, modulation, and generation of light.
INTRODUCTION
Both low loss silica optical fibers, and semiconductor based optoelectronics ranging from solid state lasers, modulators and detectors on planar chips play key roles in modern sensing technologies. These two technologies, one fiber based, and one planar chip based, are often exploited separately or heterogeneously interfaced through intermediate optics. If we could combine the flexible light guiding ability of fibers with the rich optoelectronic functionality of semiconductors in an integrated fiber geometry it would then be possible to build not only sophisticated sensors, but lasers, modulators, guides, and detectors, all inside a compact fiber geometry. Efforts along these lines are beginning and it has been possible to incorporate low melting temperature metals and polymers by infiltration into silica MOFs 1,2 and amorphous semiconductors and low temperature melting metals into polymeric optical fibers 3 . However, to date the range of materials that can be incorporated into the fiber geometry remains very limited: only those materials that can be drawn into fiber or infiltrated in fluid form into fibers have been exploited. Incorporating a broad range of materials into extreme aspect ratio capillaries of microscale and nanoscale dimensions would appear to be a significant challenge. Here we report incorporating semiconductors into optical fibers via a deposition process such that they can be exploited for sensing and other types of applications. The process described herein can easily be extended to allow for deposition of a broad range of semiconducting, insulating, and metallic materials, allowing fibers of considerable compositional and structural complexity to be fabricated.
FABRICATION
Formation of wires in hosts such as mesoporous silica or nanoporous anodic alumina membranes is known, but the wires formed within them are relatively short (order of 50-100µm), the spatial configuration of wires relative to each is * jbadding@chem.psu.edu; phone 1 814 777-3054; fax 1 814 865-3314; www.chem.psu.edu
-. a random or at best quasi-periodic, and the nanowires are typically ultrasonicated, etched out of the membrane and randomly dispersed for characterization. Microstructured optical fibers (MOFs) (Figure 1 ) provide a superior matrix for growing semiconductor wires in many respects. They can be as long as desired, and thus the key challenge is in functionalizing long lengths of holes with extreme aspect ratios of >10 5 . By appropriately configuring the preform, MOF's can be drawn with an array of holes in almost any desired periodic or aperiodic spatial configuration with hole diameters from tens of microns down to nanoscale dimensions incorporated into a single fiber. "Defects" of missing holes in a periodic array can be designed precisely to modify the properties of fibers that have photonic band gaps.
Semiconductor Wires in MOFs
Semiconductor filled MOF's allow for spatial organization of microwires and/or nanowires of various shapes in an elegant manner. Figure 2 a shows an annular germanium structured fabricated within a capillary of an MOF by deposition on the sidewalls of the hole from flowing high pressure GeH 4 precursor. The deposition process is versatile and allows for fabrication of arrays of spatially ordered wires (Fig. 2 b) . To fabricate these germanium wires, a mixture of 5 % GeH 4 and 95 % Ar at a pressure of approximately 30 MPa was configured to flow through an array of capillary holes in a fiber that ranged in diameter from 200 nm to 2 µm. The danger associated with this pressure is negligible in view of the small dimensions of the capillary holes and the process is practical and convenient. The fiber was heated in a 75 cm long tube furnace from room temperature to 500 °C over two hours while the germane mixture was flowing; only a very small quantity of GeH 4 exits the fiber which is easily disposed off. Deposition was found to occur at a more rapid rate for the first 10 cm of the fiber at the beginning of the heated zone, even though the temperature of this first 10 cm was lower than that experienced by the fiber at larger distances from the beginning of the heated zone. Filling of the fiber over the first 5 cm was nearly complete to form essentially a solid wire; sequential cross sectioning revealed a nanoscale hole (Fig. 2 c) that gradually tapered open to microscale dimensions over a length of 50 cm. It is remarkable that the high pressure process is so well behaved that it proceeds down to 25 nm and even sub 10 nm dimensions. The germanium wires could be etched out of the matrix (Fig. 2d ) to reveal their smooth exterior surfaces. Raman spectra collected on wires within the MOF capillaries reveal that the wires formed are pure, crystalline germanium (Fig 3) ; the spectra exhibit a single mode near 300 cm -1 characteristic of pure, unstrained germanium. Even 100 nm and smaller MOF holes can be filled over lengths of many centimeters (Fig.4) , allowing for high index in-fiber structures that allow for the manipulation of light down to nanoscale dimensions.
Wires of silicon also form with the MOF capillary holes when a SiH 4 precursor is used instead of GeH 4 for the fiber filling process. "Honeycomb" fiber with hexagonal 1.6 µm diameter holes, for example, can be filled with parallel arrays of silicon wires (Fig 5a) . An interesting feature of the deposition process for non-circular holes is that sharp vertices (Fig 5b) form in templates that initially have rounded vertices (Fig 5c) , allowing for formation of structures that resemble microfabricated silicon (Fig. 5b) . These wires can again be etched out of the matrix (Fig 5d) .
TEM analyses of focused ion beam cross sections of both the germanium and silicon wires revealed that the semiconductor structures were either crystalline or amorphous, depending on the maximum temperature attained during processing. Amorphous silicon structures are formed at temperatures below 520 °C (Fig. 6) . However, crystallization and grain growth within these amorphous structures occurs if they are annealed at sufficiently high temperatures. Thus Wavenumber (cm1)
far we have observed single crystal grains in germanium structures that are 0.5 to 1 µm in diameter. It should be possible to crystallize grains several µm or larger in the direction along the length of the fiber axis by suitable thermal treatment, as grains several microns in diameter can be grown from amorphous silicon films.
Deposition Process
Consideration of the deposition process reveals that there is a complex interplay between the following parameters which vary along the length of the fiber ( Fig. 7 ):
• the concentration of precursor • the pressure, which decreases along the length of the fiber • the temperature which is determined by the temperature profile of the furnace • the viscosity, which depends on the pressure and temperature • the rate of flow, which depends on the viscosity and pressure • the concentration gradient perpendicular to the laminar flow direction along the length of the fiber (the Reynolds number is almost always sufficiently low within a capillary that the flow must be laminar) which occurs because the flow rate is higher at the center of the hole than near the capillary walls.
• the rate of deposition which is a function of the above parameters • the hole diameter which is determined by the rate of deposition at a given location and also influences all of the above parameters. If the hole diameter towards the beginning of the fiber becomes small, for example, this will restrict the rate of flow of the precursor mixture down the rest of the length of the fiber.
Modeling of capillary infiltration at modest pressures has been done 4 , but this process is very different from the high pressure, extreme aspect ratio process considered here. The semiconductor deposition process involves the flow of a gas mixture, containing a small concentration C in of a precursor in an inert gas such as argon, into a cylindrical glass capillary at constant inlet temperature T in and inlet pressure P in . The capillary reactor is heated within a furnace, causing silane to decompose through an irreversible exothermic surface reaction at the capillary wall to produce silicon and hydrogen gas. Silicon is deposited at the reactor wall to yield a film of thickness which varies with both time and axial, while hydrogen diffuses back into the bulk thereby creating a three-component gas mixture. In general, the silicon film thickness will be expected to vary with axial position due to axial non-uniformities in silane concentration and reactor wall temperature arising from the intimate coupling between the surface reaction and the convective-diffusive mechanisms for transport of mass and energy. However, the deposition is surprisingly uniform in thickness on a length scale of 5 to 10 cm and preliminary results show that it can be made even more uniform via spatial and temporal modulation of the temperature profile used during deposition. Modeling efforts to understand the interrelationships between the above parameters are in progress.
Fabrication of Annular Structures
Because the capillary holes in MOFs can be configured in arrays at dimensions down to the nanoscale, there is tremendous flexibility in designing their 2-dimensional cross sectional profile, allowing for spatial organization of deposited wires and cooperative communication between them mediated by electromagnetic fields. Additional complexity can be built into the MOF structures by exploiting the many possibilities for structuring the semiconductor by altering the deposition conditions. Annular heterojunction structures, for example, can be fabricated by sequentially altering the precursor employed (Fig. 8) , much as different layers are deposited on planar substrates by use of different precursors. The silicon-germanium structure in figure 8 was fabricated by first depositing a layer of silicon using SiH 4 as a precursor, followed by deposition of another annular layer of germanium inside this silicon tube. In this way Figure 5 Silicon MOF structures. a) Large air fraction "honeycomb" fiber filled with silicon. The thin walls and rounded vertices of the silica matrix can be seen in between the array of silicon tubes. b) Sharp vertices form in the interior of the tubes, even though the fiber template has rounded vertices. c) Unfilled honeycomb template d) Collection of silicon wires etched out of the honeycomb template. These wires can be several tens of centimeters long.
structures that guide light in the mid-infrared region of the spectrum can be realized inside a silica fiber capillary hole, as both the germanium core and silicon cladding are transparent from 3 to 5 µms. Also, once deposition techniques for compound semiconductors are developed in a manner analogous to those employed for silicon and germanium (see below), it should be possible to exploit in-fiber heterostructure devices.
Longitudinal Structuring to Enable full 3-D Patterning
One of the advantages of the MOF templates is that they are transparent, allowing for structuring the of deposition from the high pressure precursors contained within them via light. Thermal or photochemical decomposition of chemical precursors can often, if not usually, be induced by a sufficiently intense focused laser beam (Fig. 9.) . Thus structure can be realized in the 3 rd longitudinal dimension. We have found that by simply focusing a 514 nm laser beam into a 1.6 µm diameter capillary it is possible to deposit plugs of silicon approximately 1 µm long, demonstrating that structuring at such length scales is possible.
Other Semiconductor Compositions
An annular tube of GeS 2 deposited within a 1.7 µm diameter MOF capillary is shown in figure 10 . Thus tube was deposited from a mixture of H 2 S and GeH 4 flowing at high pressure inside the capillary. Raman spectroscopy revealed Figure 6 Transmission Electron Micrograph of a cross section of a honeycomb fiber filled with silicon and cross section and thinned via a focused ion beam (FIB). The thin walls and rounded vertices of the silica MOF matrix can be seen, along with the silicon. The black material on the inside of the silicon tubes is deposited during the FIB process. High resolution TEM and electron diffraction reveal this sample to be amorphous, but it could readily be crystallized by deposition from higher temperatures. The sharp vertices that develop in the silicon tubes during deposition are again visible. The vertical streaks are artifacts of the FIB process. 
OPTICAL CHARACTERIZATION
We have demonstrated guiding of infrared light within both silicon and and germanium wires 5 to 7 cm long and 1.6 to 5 µm in diameter. Figure 11 shows a four lobe mode exhibited by 1.5 µm wavelength light exiting a 5 µm diameter silicon wire in an MOF. We measured the power of 1.5 µm light focused into the end of another 5 cm long 5 µm polycrystalline silicon wire and the power of the light exiting the wire. To insure that there was no contribution to this measurement from light that might be guided by the cladding, the last 2 mm of the silica cladding were etched away to leave a protruding, bare silicon wire. By comparison of the power of the incident and exiting light, an upper bound of 7 dB/cm can be placed on the loss in this wire. This loss is already comparable to the best planar polysilicon waveguide losses yet reported [6] [7] [8] , even though no effort has been made to optimize the microstructure of the wire waveguides; techniques such as high temperature annealing or hydrogen passivation can be used to lower losses in polycrystalline silicon waveguides [6] [7] [8] . There is an inherent geometric advantage to wire waveguides inside fibers as compared with planar waveguides. Losses due to surface roughness of even nanoscale dimensions are typically a significant fraction of the total loss in a high index semiconductor waveguide. The inner surfaces of the capillaries in MOFs, upon which the semiconductor is deposited, are typically nearly atomically smooth. This smooth surface is expected to be replicated on the outside of the semiconductor tube or wire, resulting in minimal loss due to surface roughness at the wire-silica interface. In addition the inner surface of the tube from which deposition is occurring gradually decreases in area as deposition proceeds, until it is negligible once the central hole reaches nanoscale dimensions. Thus there appears to be considerable potential for further reducing the losses observed in these preliminary experiments through further refinement of the deposition and annealing conditions.
IMPLICATIONS FOR MICROSTRUCTURED OPTICAL FIBER SENSORS
The air holes in MOFs can be exploited for sensing applications 9 . Gases, for example, can be analyzed by measuring the absorption that occurs as a result of the evanescent wave penetrating into them as they flow down the MOF. The fiber filling technology outlined here opens new possibilities for fabricating devices inside MOF's for sensing. In-fiber lasers in the mid-infrared region of the spectrum may be possible, for example, if low loss, suitably doped waveguides can be deposited within MOFs. Such light sources are valuable for sensing applications, as there is significant interaction between infrared light and many molecular analytes of interest. In-fiber devices are often desired because they are robust and reliable, and thus may enable sensing devices that would otherwise be too costly or bulky or not rugged enough. Similarly, in fiber semiconductor detectors might become possible once the fabrication technology evolves. 
